Direct reversion of cancers into normal-like tissues is an ideal strategy for cancer treatment. Recent reports have showed that defined transcription factors can induce reprogramming of cancer cells into pluripotent stem cells, supporting this notion. Here, we have developed a reprogramming method that uses a conceptually unique strategy for breast cancer cell treatment. We have screened a kinase inhibitor library and found that Rho-associated protein kinase (ROCK) and mammalian target of rapamycin (mTOR) kinase inhibitors can substitute for all transcription factors to be sufficient to reprogram breast cancer cells into progenitor cells. Furthermore, ROCK-mTOR inhibitors could reprogram breast cancer cells to another terminal lineage-adipogenic cells. Genome-wide transcriptional analysis shows that the induced fat-like cells have a profile different from breast cancer cells and similar to that of normal adipocytes. In vitro and in vivo tumorigenesis assays have shown that induced fat-like cells lose proliferation and tumorigenicity. Moreover, reprogramming treatment with ROCK-mTOR inhibitors prevents breast cancer local recurrence in mice. Currently, ROCK-mTOR inhibitors are already used as antitumor drugs in patients, thus, this reprogramming strategy has significant potential to move rapidly toward clinical trials for breast cancer treatment.
Introduction
Reprogramming healthy somatic cells into pluripotent stem cells (iPSCs) with defined factors have been intensively investigated [1] [2] [3] . However, reprogramming cancer cells have fallen much behind [4] [5] [6] . Reprogramming and oncogenic transformation are stepwise processes that share many similarities. There are the classic reports of transplanting tumor cells into embryonic tissues, showing that the niche has an influence on tumorigenic behavior. Although unidentified biological barriers may exist [6] [7] [8] , reprogramming of both solid and liquid tumors to iPSCs has been reported by different groups 7, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Loss of tumorigenicity by unknown mechanisms and induced dedifferentiation to pluriopotency seem to be common features of reprogrammed cells from different cancers. However, robust differentiation into specific lineages remains a stumbling block 2, 3, [19] [20] [21] [22] . We and others found that tumor-suppressor genes are a roadblock for both cellular reprogramming and oncogenic transformation [6] [7] [8] 23, 24 . Based on these results, we hypothesize that cancer cells could be reprogrammed into normal-like cells under the defined reprogramming conditions.
Integration-free reprogramming of cancer cells would be safer and preferable for clinical use. Along those lines, we screened a kinase inhibitor library and found that a combination of the inhibitors for two kinases, Rho-associated protein kinase (ROCK) and mammalian target of rapamycin (mTOR), can reprogram human breast cancer cells into progenitor cells. We can also trans-differentiate breast cancer cells into another terminal lineage-adipogenic (fat-like) cell. These cells lost tumorigenicity and came back to a "normal state". Importantly, ROCK-mTOR inhibitor reprogramming treatment prevented breast cancer local recurrence in mice, while ROCK-mTOR inhibitor treatment without reprogramming condition only showed a limited effect on breast cancer recurrence. This indicates that reprogramming treatment plays a key role in preventing breast cancer recurrence.
Results

Screening of a protein kinase inhibitor library to reprogram breast cancer cells
While somatic cells are reprogrammed to iPSCs by expression of transcription factors, it may cause genomic instability that increases the risk of cancer cell induction [25] [26] [27] [28] [29] . Therefore, we tried to develop a transgenefree method to efficiently reprogram breast cancer cells. Cellular senescence has been shown to regulate reprogramming of fibroblasts to iPSCs and fibroblast-neuron conversion 23, 24, 30, 31 . Since many protein kinases are involved in senescence and proliferation processes, we screened a protein kinase inhibitor library (355 inhibitors, Calbiochem). We prepared a breast cancer cell line (MDA-MB-468) with expression of Nanog promoter-RFP, a progenitor marker protein. Through phenotypic change screening, we found that candidate kinase inhibitors reprogrammed breast cancer cells to induced progenitor-like cells (iPLs) in induction medium (Fig. 1a) . After 7 days in induction medium with candidate kinase inhibitor treatment, we observed that a subpopulation of cells became Nanog-RFP positive with a marked morphological change. These ranged from large nuclear and flat-shaped cells (cancer cells) to small, bi-or multi-polar cells, termed iPLs (Fig. 1a) . We confirmed that two candidate small molecules, namely rapamycin (mTOR inhibitor) and Y27632 (ROCK inhibitor), induced morphological change and RFP-positive staining with high efficacy (~30-50% efficacy, Fig. 1b) . To further determine the combinational effects of these inhibitors on breast cancer cell conversion, we found that using mTOR-ROCK inhibitors (Rapamycin/Y27632) converted breast cancer cells into iPLs with~90% efficacy after 7 days of induction (Fig. 1b) .
Next, we analyzed the expression of progenitor markers as well as reprogramming markers in iPLs and parental breast cancer cells. qRT-PCR data showed that a panel of the markers, SOX-2, Nanog, Nestin, and Pax-6, are upregulated and expressed at day 3 and day 7 during the reprogramming process (Fig. 1c) , confirming that there might exist a progenitor stage for the induced cells.
Reprogrammed breast cancer cells into mature connective tissue phenotypes
We next assessed whether cancer cells can be terminally reprogrammed and differentiated into another lineage (adipocytes, a lineage switch) in adipocyte induction medium. As terminal differentiation is defined as expression of the mature phenotype and cessation of proliferation, we assessed these properties in reprogrammed cells. As seen in Fig. 2 , breast cancer cells (MDA-MB-468) with the presence of ROCK-mTOR inhibitor in adipocyte induction medium expressed the terminal phenotype of that differentiation lineage. Fat formation in induced cells was measured by lipid accumulation via Oil-Red-O, considered "gold standards" 32, 33 for terminal differentiation of embryonic and mesenchymal stem cells into adipocytes. In 2-3 weeks, 80-90% of breast cancer cells were induced to fatlike cells (iFLs) with mature adipocyte morphology that showed Oil-Red-O positive staining (Fig. 2a) . In contrast, after 3 weeks in induction medium without kinase inhibitors, control breast cancer cells maintained cancer cell morphology with negative staining of Oil-Red-O (Fig. 2b) .
To investigate whether ROCK-mTOR inhibitors have a general effect on human breast cancer cells, the reprogramming treatment of ROCK-mTOR inhibitors was used in another two breast cancer cell lines, HCC2157 and 4T1. After induction for 3 weeks, about 80-90% of breast cancer cells were converted into iFLs (Fig. 2d, e) . These results suggest that ROCK-mTOR inhibitor treatment led to conversion of breast cancer cells to fatlike cells.
Genome-wide transcriptional profiling of induced adipocytes
To analyze the similarities between iFLs and parental breast cancer cells, we generated comparative global gene expression data by microarray analysis. Microarray data were quantile normalized and filtered based on the average signal, and differently expressed genes were selected for further analysis. Hierarchical cluster analysis revealed a significant difference between iFLs and their parental breast cancer MDA-MB-468 cells (Fig. 3a , b, p < 0.001). Furthermore, the clustering analysis of global gene expression revealed that iFLs from MDA-MB-468 cells by the reprogramming treatment of ROCK-mTOR inhibitors were particularly similar to the control normal adipocytes (Fig. 3b , p > 0.5). A panel of genes significantly were up-or downregulated in iFLs, compared with parental control. By analysis of the threefold changed genes of the microarray data, iFLs and normal fat cells showed the general degree of gene expression overlap. Using the Ontology database for enrichment analysis, we found that the key signaling pathways involved in fat differentiation were significantly changed in iFLs, compared with those in parental MDA-MB-468 cells. Moreover, we examined mRNA levels of a panel of factors reported to be involved in fat differentiation. We found that, in iFLs induced by the reprogramming treatment of ROCK-mTOR inhibitors, expressions of a set of fat differentiation factors were increased by greater than tenfold (Fig. 3c) , suggesting that these factors may be involved in breast cancer fat cell conversion.
ROCK1/2 and mTORC1 shRNAs generate induced adipocytes
Both ROCK and mTOR are serine/threonine protein kinases. ROCK is a kinase belonging to the AGC (PKA/PKG/PKC) family, including ROCK1 and ROCK2. mTOR interacts with other proteins and serves as a core component of two protein complexes, mTOR complex 1 and mTOR complex 2. To determine if the ROCK and mTOR pathways are involved in breast cancer conversion, we examined the effects of ROCK and mTOR knockdown on breast cancer conversion (Fig. 4a) . Lentiviral constructs expressing short hairpin RNA against ROCK1/2 and mTORC1 (Raptor)/C2 (Rictor) were transfected into MDA-MB-468 cells. We found that knockdown of ROCK1, ROCK2, or mTORC1 (Raptor) could reprogram breast cancer cells into iFLs, while mTORC2 did not (Fig. 4b ). iFLs showed with mature adipocyte morphology that displayed Oil-Red-O positive staining. Combination treatment of ROCK1/2 and mTORC1 shRNAs converted breast cancer cells to iFLs with kinetics and conversion efficiency similar to ROCK-mTOR inhibitors (Fig. 4c) . Thus, we conclude that the ROCK1/2 and mTORC1 kinases are involved in conversion of breast cancer cells.
Rapamycin, via inhibition of mTORC1, will also activate a negative feedback loop involving IRS1 driving AKT activation [34] [35] [36] [37] . To investigate the role of this feedback loop, we expressed lentiviral shRNAs of AKT1 and IRS1 in MDA-MB-468 cells (Fig. 4d) . We found that rapamycininduced reprogramming was reduced by knockdown of AKT1 or IRS1 ( 
Loss of proliferation and tumorigenicity in induced adipocytes
Next, we examined iFL proliferation. Trypan blue exclusion assays were performed after treating the cells with ROCK-mTOR inhibitors. We observed that ROCK-mTOR inhibitor treatment reduced cell proliferation in a time-dependent manner in breast cancer cells, but not iFLs (Fig. 5a, b) . We further evaluated clonogenic formation in the soft agar assay. The mature phenotype of iFLs was accompanied by cessation of proliferation and loss of clonogenic formation ability (Fig. 5c, d) . Interestingly, iFLs did not regain proliferation ability or showed signs of further growth following 4 weeks in replacement of induction medium with maintenance medium.
To determine tumorigenic properties in vivo, parental MDA-MB-468 cells, iPLs and iFLs (1.5 × 10 6 ) were implanted into SCID mice, and tumor formation was monitored for 12 weeks (Fig. 6a, b) . No tumors formed following iFL transplantation up to 12 weeks (Fig. 6a) . Transplantation of breast cancer cells treated by induction medium without ROCK-mTOR inhibitors resulted in tumor formation in ten of ten mice after 2-3 weeks. Reprogramming MDA-MB-468 cells to iPLs suppressed tumor development and five of ten mice generated tumors, suggesting that induced progenitors are still able to form tumors and require further treatment. Tumors from parental breast cancer cells and iPLs showed the similar morphological features by pathological analysis (Fig. 6c) . In addition, there were no significant changes in tumor volume. Thus, we conclude that reprograming breast cancer cells to adipocytes can abrogate the parental tumor cell tumorigenicity.
Reprogramming orthotopic breast cancer prevents local recurrence
Despite advances in varieties of treatment modalities for breast cancer, local relapse remains a clinically significant problem, especially in patients who underwent breastconserving therapy. Considering that surgery treatment is essential in breast cancer therapy, we examined whether a direct targeting of the tumor by reprogramming therapy in vivo could prevent cancer local recurrence. We used a highly reproducible mouse model of local breast cancer recurrence following surgical resection of orthotopic 4T1 breast tumor xenografts 38, 39 . 4T1 cells generated tumors in SCID mice were surgically removed when the primary tumors had reached 500 mm 3 . Greater than 95% of each tumor was resected and a small fragment of tumor, the largest being 2 mm 3 , was not removed to model residual tumor cells left after breast-conserving surgery [40] [41] [42] . Matrix-driven delivery (MDD) pellet of ROCK-mTOR inhibitors with induction medium was prepared by Innovative Research of America. The finished pellet with a biodegradable matrix effectively and continuously releases the active product in the animal for 3 weeks. We implanted the mTOR-ROCK inhibitors with or without adipocyte induction medium in the MDD pellet into the resection cavity of xenografts. Controls included no treatment, induction medium only, and ROCK-mTOR inhibitors without induction medium. Tumor recurrence and mouse survival were measured (Fig. 6d, e, n = 10) . The results showed that local recurrence was observed within 2-3 weeks in ten of ten mice without treatment or with induction medium only (Fig. 6d) . No tumor recurrence was observed in tumors treated with mTOR-ROCK inhibitor and induction medium treatment up to 12 weeks (0/10 mice). Pathological analysis showed that there were no tumor cells detected in this treatment group. Immunohistochemistry (IHC) analysis revealed that 90% of GFP-positive cells expressed an adipocyte marker perilipin 3 weeks after ROCK-mTOR with induction medium treatment (Fig. 6f) , suggesting the GFP cancer cells can be converted into adipocytes in vivo. Flow cytometry analysis revealed that~60% of the implanted GFP-positive cells survived under ROCK-mTOR inhibitors with induction medium treatment for 3 weeks. We calculated the survived cell yield as the percentage of GFP-positive cells in relation to the initial number of breast cancer cells. This treatment did not affect cell proliferation compared with normal breast tissue control (Fig. 6g) . In mTOR-ROCK inhibitors without induction medium treatment, 7/10 mice displayed tumor recurrence, indicating that there is only the limited effect on breast cancer treatment when using mTOR-ROCK inhibitors alone (direct chemotherapy). Recurred tumors from ROCK-mTOR without induction medium, medium only, or no treatment were examined and GFP-positive cells did not express perilipin. Dissected tumors revealed a reduction in Ki67-positive cells in tumors from ROCK-mTOR inhibitors without induction medium treatment compared with those from medium only or no treatment control (Fig. 6g) . Taken together, these results indicate that the reprogramming therapy of mTOR-ROCK inhibitors prevents breast cancer local recurrence.
Discussion
We screened a kinase inhibitor library and found that a combination of the ROCK-mTOR kinase inhibitors can substitute for all transcription factors to reprogram breast cancer cells. This conversion is highly efficient and fast, yielding progenitors and more mature adipocytes. Induced adipocytes lose proliferation and tumorigenicity. Furthermore, reprogramming treatment prevents breast cancer local recurrence in mice. Reprogramming breast cancers by kinase inhibitors are a transgene-free method and ROCK-mTOR inhibitors have been used in patients. Therefore, this finding may have wide-spread impact in our understanding and development of breast cancer therapy.
ROCK1 is mainly expressed in the lung, liver, spleen, kidney, and testis, while ROCK2 is distributed mostly in the brain and heart. By acting on the cytoskeleton, ROCK is involved in regulating the shape and movement of cells and also regulates cellular immortalization and differentiation [43] [44] [45] [46] . A recent report shows that ROCK1 inhibition promotes the self-renewal of cancer stem cells 47 . Greater than 95% of each tumor was resected and a small fragment of tumor, the largest being 2 mm 3 , was not removed to model postoperative residual breast cancers. ROCK-mTOR inhibitors (R + Y) with adipocyte induction medium in the MDD pellet were administered directly into the resection cavity. R + Y without induction medium, medium only in the MDD pellets or no treatment was used as controls. Tumor recurrence (d) and mouse survival (e) were measured (n = 10). f Postoperative residual GFP-4T1 tumors were treated by ROCK-mTOR inhibitors (R + Y) with adipocyte induction medium. GFP-positive cells expressed the adipocyte markers perilipin 3 weeks after transplantation (300 cells counted per section, n = 6). The scale bar represents 10 μm. g Ki67 (IHC)-positive cells were evaluated in postoperative breast tissues treated with R + Y and induction medium. Normal breast tissue was as a control. Ki67-positive cells from recurred tumors treated by R + Y without induction medium, medium only, or no treatment were also examined mTOR regulates cell growth, proliferation, protein synthesis, and transcription [48] [49] [50] [51] [52] [53] [54] . ROCK inhibitors are already used as antitumor drugs in patients, while mTOR inhibitors are used to prevent transplant rejection, promote longevity, and treat cancer in clinical trials. Thus, reprogramming strategy of ROCK-mTOR inhibitors is expected to have a low risk in vivo and a new, inhibitorbased, reprogramming therapy could easily and rapidly move toward clinical trials. We found that reprogramming breast cancer cells to progenitors, which decreases tumor development but still generates tumors (five of ten mice). Therefore, induced progenitors require further treatment. In the future studies, we will examine effects of radiation and chemotherapy on the induced progenitors.
One key issue of reprogramming therapy is that reprogrammed cells may be reverted back to cancer cells and form a tumor in vivo. We found that induced adipocytes do not show signs of further proliferation following 4 weeks in replacement of induction medium with maintenance medium. Although we did not observe that the reprogrammed cells revert back, we could not rule out reprogrammed cells reverting and forming a tumor. Additional experiments with different genetic background samples and long-term in vivo observation need to address this issue.
Delineating the molecular mechanism behind breast cancer conversion will greatly aid further development of the method. Gene expression results suggest that ROCK-mTOR may act as a "master regulator" to coordinate a set of defined factors in blocking cell reprogramming in physiological conditions. Consistent with this view, ROCK-mTOR kinases regulate both iPSC reprogramming and cellular differentiation, implicating a general mechanism of reprogramming, where loss of ROCK-mTOR may generate lineage progenitors that develop complete and functional lineages under a variety of induction medium. In previous studies, we found that cellular senescence is a key step in the conversion of human fibroblasts into functional neural cells, including three neural lineages (astrocytes, neurons, and oligodendrocytes) 23, 24 . By genetically manipulating the senescence process, we provided a new method for converting most human fibroblasts into neural cells in only 1-2 weeks. Both ROCK and mTOR kinases are involved in senescence and proliferation processes, implicating that the reprogramming process may also be regulated through the kinase-senescence signaling pathways.
The reprogramming-based therapy will provide new avenues for development of therapeutics for breast cancer. ROCK-mTOR inhibitors are already used as antitumor drugs in patients and promise few or no side effects in reprogramming. We expect the adipocytes generated by the ROCK-mTOR inhibitors are "safe" in vivo. The results show that the reprogramming treatment of kinase inhibitors does not affect normal adipocytes, supporting the safety of the reprogramming treatment. Therefore, this strategy is expected to develop a novel, safe, and effective kinase inhibitor-based reprogramming method to combine with conventional therapy for clinical use.
Methods
Cell culture
Human breast cancer cells, MDA-MB-468, MDA-MB-231, and HCC2157 (ATCC), were routinely cultured in 60 mm dish (MidSci) in Dulbecco's modified Eagle medium (Hyclone) containing 10% fetal bovine serum (Millipore-Sigma), non-essential amino acids (Invitrogen), and penicillin/streptomycin (Invitrogen) at 37°C in 5% CO 2 . Human adipocytes from ATCC were routinely cultured in adipocyte medium.
Breast cancer cell reprogramming
Breast cancer cells were plated at a density of 3.0 × 10 4 cells cm −2 on microscope glass coverslips coated with matrigel (BD) in 35 mm dishes. For kinase inhibitor screening experiments, we used 2 µM protein kinase inhibitor from a library (Calbiochem, 355 inhibitors). The media were changed to defined induction medium including DMEM/F12 (2% FBS) plus 1 µM dexamethasone, 0.5 μM isobutylmethylxanthine, and 200 µM indomethacin (Millipore-Sigma). For adipocyte induction, we used adipocyte induction medium including conditional adipocyte medium (Zen-Bio, Inc) plus 2 μM Y27632 and Rapamycin, 1 μM dexamethasone, 0.5 μM isobutylmethylxanthine, and 200 μM indomethacin. Cells were further grown under such conditions for up to 21 days. Fat differentiation was visualized with Oil-Red-O (Millipore-Sigma) stain as previously described 55, 56 .
qRT-PCR
Total RNA was extracted using Trizol isolation system (Invitrogen) according to the manufacturer's instructions. Total RNA was treated with DNase I (Qiagen) to prevent DNA contamination. Two micrograms of RNA were reverse transcribed using the Transcriptor High Fidelity cDNA Synthesis Kit (Roche). Reverse transcription and real-time PCR were performed as a standard procedure.
Microarray analysis
Microarray analysis was performed at the Washington University Genome Center. Briefly, Illumina HumanHT-12 v4 Expression BeadChip was used and samples were labeled by biotin. The direct hybridization assay was performed and the data were scanned on the BeadArray Reader. Scanned images were quantitated by Illumina Beadscan, v3. Quantitative data were imported into Illumina GenomeStudio software and normalized by Illumina's quantile method. The quantile-normalized background-subtracted data were calculated in excel. The data were filtered based on the average signal, and set the baseline as 50 so that only the genes of which average signal >50 could be used for further analysis. To each gene, maximum and minimum signal values were selected, and then divided between them. Only the genes of the division value >3 were selected and considered as differently expressed. All of the differently expressed genes were clustered by using MeV software.
To determine the relationship among breast cancer cells and iFLs, each sample was analyzed respectively. Total RNA from cultured subcutaneous Adipocytes (Zen-Bio) is as a positive control. Data were filtered based on average signal and baseline was set as 10 to increase the sensitivity. Differently expressed genes were selected by a threefold change as the threshold. To examine the potential adipocyte differentiation pathways relevant to the immortalization, all fat differentiation genes from Gene Ontology Website (http://www.geneontology.org/, GO: 0030182) were compared with the microarray data. For gene enrichment analysis, we used web-based Gorilla program (http://cbl-gorilla.cs.technion.ac.il/). Thus, these results will greatly help for understanding mechanisms of breast cancer cell reprogramming.
Trypan blue dye exclusion and soft agar assays
Parental breast cancer cells and iFLs were seeded at a density of 10,000 cells/well in 12 well. Cells were counted with a ViCell cell viability analyzer (Beckman Coulter). Cell proliferation was normalized to the percentage of control. Three independent experiments with triplicates were performed for each cell line. For the soft agar assay, cells (10,000/dish) were suspended in 2 ml of 0.3% agar and poured over a 3 ml 0.6% solidified layer of agar in 60 mm dishes. Cells were incubated for about 14-16 days until colonies were large enough to visualize. Colonies were observed under phase contrast microscope. All data were normalized relative to the control. Experiments were performed in triplicate.
Breast cancer, iPL, and iFL cell transplantation and cancer recurrence model in mice
Animal experiments were performed according to institutional guidelines for animal welfare. Female NOD. SCID/NCR mice of 6-8 weeks of age were purchased from NCI-Frederick Animal Production Program (Frederick, MA, USA). In all, 2 × 10 6 breast cancer cells, iPLs and iFLs in 0.1 ml PBS, were mixed with equal volume of matrigel. The cell mixture was implanted into mouse breast fat pad. The tumors became rigid and the volume of tumor ((L × W 2 )/2) was measured. At the end of treatment, the mice were killed and the tumors were excised and processed to paraffin section.
For breast cancer local recurrence experiments, we used a mouse model of local recurrence following surgical resection of orthotopic tumors. Breast cancer generated by MDA-MB-468 cells in mice were surgically removed when the primary tumors had reached~500 mm 3 . Greater than 95% of each tumor was excised and a small fragment of tumor, the largest being 2 mm 3 , was not removed to model postoperative residual breast cancers. Matrixdriven delivery (MDD) pellet of ROCK-mTOR inhibitors with adipocyte induction medium was prepared by Innovative Research of America. We implanted the MDD pellet including mTOR-ROCK inhibitors (2 µM R + Y per day for 21 days) with or without induction medium into the resection cavity of breast cancers. Adipocyte induction medium includes 1 µM dexamethasone, 0.5 mM isobutylmethylxanthine, and 200 µM indomethacin with conditional adipocyte medium (Zen-Bio, Inc). MDD pellet with induction medium, inhibitor only, and no treatment are as a control. Mouse breast tissue and tumors were excised and sectioned on a cryostat for IHC assay analyses [57] [58] [59] .
